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Disclosures

Research grants from many companies over the years for the study of antibiotic PK/PD 
against intracellular infections

Astra-Zeneca
Bayer
Cempra
Debiopharm
GSK
Melinta
Merlion
Rib-X
Targanta/ The Medicine Company
Thervance
Trius
…
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Intracellular models for antimicrobial R&D

• Role of intracellular survival in chronic infections and its contribution 
to poor response to antibiotics

• In vitro models to study intracellular activity of antibiotics

• Cellular pharmacokinetic (PK) parameters predictive of intracellular potency
for antibiotics

• Cellular pharmacodynamic (PD) parameters predictive of intracellular efficacy
for antibiotics
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Cellular killing of bacteria by host cells

Phagosomes

Lysosomes

Phagolysosomes
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Some bacteria can escape host cells defense mechanisms

Phagosomes

Lysosomes

Phagolysosomes

Phagosomes
Salmonella spp.
Brucella spp.

Endoplasmic reticulum
Legionella pneumophila

Early endosomes

Mycobacterium spp.Inclusions
Chlamydia spp.

Cytosol
Listeria monocytogenes
Shigella flexeneri

Legionella pneumophila
Staphylococcus aureus

Carryn et al., Infect Dis Clin North Am. (2003) 17:615-34 
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Benefits of intracellular life

invasion
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Invasion of CNS by Listeria monocytogenes

bone-marrow monocyte

intra-axonal labeling  
by anti-listeria antibodies

adherence and transfert 
from monocytes to endothelial cells

Listeria: from the gut to the CNS

Antal et al., Brain Pathol. (2001) 11:432-8; Drevets & Bronze, FEMS Immunol Med Microbiol. (2008) 53:151-65
Drevets & Leenen, Microbes Infect. (2000) 2:1609-18; Drevets et al., Clin. Microb. Rev. (2004) 17:323-47
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Benefits of intracellular life

persistence

invasion
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Persistent infection by S. aureus
Evidence of an intracellular reservoir in osteocytes (A,B), osteoblasts (C) and bone matrix of a patient with 
recurrent osteomyelitis

Bosse et al., J Bone Joint Surg Am. (2005) 87:1343-7 
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Benefits of intracellular life

protection

persistence

invasion
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Failures to eradicate intracellular bacteria with antibiotics
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Intracellular models for antimicrobial R&D

• Role of intracellular survival in chronic infections and its contribution 
to poor response to antibiotics

• In vitro models to study intracellular activity of antibiotics

• Cellular pharmacokinetic (PK) parameters predictive of intracellular potency
for antibiotics

• Cellular pharmacodynamic (PD) parameters predictive of intracellular efficacy
for antibiotics
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In vitro model of intracellular infection
Opsonization

Incubation 
with 10 % human serum

in culture medium

Extracellular wash
Elimination of non phagocytosed bacteria

by incubation with 50-100 X MIC gentamicin; 
elimination of gentamicin by washing

G G

G

G

GG

G

G

G

G

G G

Gentamicin
(G)

Intracellular infection
Incubation over time 

in control conditions or with antibiotics

AB

AB

AB

AB
AB

AB

Antibiotic
(AB)

Phagocytosis
Incubation of bacteria with 
cells at an appropriate MOI

Determination of residual intracellular
inoculum

Determination of cfu and protein content in 
cell lysates

cfu proteins

Buyck et al, 2016; ISBN 978-1-4939-2854-5
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In vitro model of intracellular infection

remains in 
vacuoles

Seral et al, AAC (2003) 47:2283-92

S. aureus in J774 macrophages
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Setting-up appropriate models for the study of antibiotic activity 
against intracellular bacteria
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Barcia-Macay et al, AAC (2006) 50:841-51
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Setting-up appropriate models for the study of antibiotic activity 
against intracellular bacteria
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Barcia-Macay et al, AAC (2006) 50:841-51
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Setting-up appropriate models for the study of antibiotic activity 
against intracellular bacteria
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model Cstat (x MIC) Emax

extra 0.27 -3.86 (5.22 to 2.51)

intra 0.63 -2.77 (3.31 to 2.22)

relative 
potency

maximal 
efficacy

Barcia-Macay et al, AAC (2006) 50:841-51
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What do these parameters tell you ?

relative potency
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• Estimation of the concentration needed to reach a specified effect 

• Measure of the « intracellular MIC »

 « PK-related » parameter: 
 accumulation in the infected compartment
 intracellular bioavailability

 influence of local environment on intrinsic activity
 pH
 oxidant species

In most cases 
Cs intra ≥ Cs extra
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What do these parameters tell you ?

maximal efficacy

• Estimation of the maximal reduction in inoculum for an infinitely large 
concentration

• Measure of the killing capacity

 « PD-related » parameter
 mode of action of the drug
 bacterial responsiveness
 cooperation with host defenses
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In most cases 
Emax intra <<< Emax extra
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PK/PD parameters and intracellular activity

bacterial
responsiveness

physico-chemical
conditions

cooperation with
host defenses

accumulation 
and 

bioavailability

metabolism binding

influx

efflux

Carryn et al, Infect Dis Clin North Am (2003) 17:615-34 
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Intracellular models for antimicrobial R&D

• Role of intracellular survival in chronic infections and its contribution 
to poor response to antibiotics

• In vitro models to study intracellular activity of antibiotics

• Cellular pharmacokinetic (PK) parameters predictive of intracellular potency
for antibiotics

• Cellular pharmacodynamic (PD) parameters predictive of intracellular efficacy 
for antibiotics
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Mechanisms by which antibiotics can enter/distribute inside/leave eukaryotic cells

acidic compartment
influx

efflux

1. Simple diffusion

• Cin = Cout except if “binding site”
• Linearly related to Cout
• Rapid process; rate of influx = rate of efflux
• Probably access to different compartments

C in
/C

ou
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C in
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ou
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time 

(β-lactams)



acidic compartment
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Mechanisms by which antibiotics can enter/distribute inside/leave eukaryotic cells

influx

efflux

2. Transporters

Influx: 
• Accumulation lower for higher Cout (saturation)
• More rapid than diffusion

Efflux:
• Accumulation higher for higher Cout (saturation)
• More rapid than diffusion

C in
/C
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Cout

C in
/C
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time 

(fluoroquinolones)

diffusion

diffusion
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Mechanisms by which antibiotics can enter/distribute inside/leave eukaryotic cells

acidic compartment

3. Endocytosis

• Slow and saturable if adsorption at cell surface (~ transporter)
• Antibiotic confined in acidic vacuoles
• No or slow release
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Mechanisms by which antibiotics can enter/distribute inside/leave eukaryotic cells

acidic compartment

4. Diffusion/segregation

Typical for weak basic compounds
• Rapid and high accumulation
• Preferential accumulation (segregation) in acidic compartments
• Slow release
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A summary of current data

linezolid: ~ 1 x
lincosamides: 1-4 x
tetracyclines: 2-4 x

rifampin : 2-10 x
synercid: 30-50x

?

β-lactams;  fast; ~ 1 x 

fluoroquinolones : fast
CIP, LVX : 4-10 x

MXF, GAR, GMF : 10-20 x 

diffusion possible 
re-distribution

aminoglycosides: slow ; 2-4 x 
glycopeptides: slow

VAN ~ 8 x
TLV ~ 50 x

ORI ~ 150-300 x

endocytosisconfined 
in vacuoles

diffusion/
segregation

macrolides: fast
ERY: 4-10 x

CLR, ROX, TEL: 10-50x   
AZM, SOL: > 50 x

some oxazolidinones: fast
RDZ : 10 x

mainly in vacuoles
slow release
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Importance of subcellular distribution

adapted from Carryn et al, AAC (2002) 46:2095-2103 
Van Bambeke et al, AAC (2004) 48:2853-60
Barcia-Macay et al, AAC (2006) 50:841-51 
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Moxifloxacin & oritavancin against L. monocytogenes vs. S. aureus

AB needs to have access to the infected compartment
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Increasing accumulation by inhibiting efflux
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Verapamil is an inhibitor of P-glycoprotein
 increase in azithromycin accumulation (cytosol/organelles)
 Increase in relative potency against intracellular S. aureusX

Seral et al. JAC (2003) 51:1167-73 
Inhibition of efflux increases relative potency
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Modulation of distribution using adequate vectors

Aminoglycosides are not diffusible and accumulate in lysosomes by endocytosis
 No activity against a cytosolic bacterium
 Nanoparticle formulation for cytosolic release

Imbuluzqueta et al. Acta Biomater. (2011) 7:1599-608; JAC (2012) 67:2158-64.

gentamicin (GEN) + surfactant (AOT [bis(2-ethylhexyl) sulfosuccinate sodium salt])
+ poly(D,L-lactide-co-glycolide) (PLGA)
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Impact of intracellular pH on intracellular potency (MIC)

MRSA are as susceptible as MSSA to β-lactams when intracellular !

Lemaire et al., AAC (2007) 51:1627-32 
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Impact of intracellular pH on intracellular potency (MIC)

In broth, at acidic pH, MRSA are as susceptible as MSSA to β-lactams !

Lemaire et al., AAC (2007) 51:1627-32 
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Impact of intracellular pH on intracellular potency (MIC)

At acidic pH, the conformation of PBP2a is modified, allowing for the access of β-lactams  !

open !

PBP2a

OXA

closed !

OXA
PBP2a

Lemaire et al., J Biol Chem (2008) 283:12769-76
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Intracellular models for antimicrobial R&D

• Role of intracellular survival in chronic infections and its contribution 
to poor response to antibiotics

• In vitro models to study intracellular activity of antibiotics

• Cellular pharmacokinetic (PK) parameters predictive of intracellular potency
for antibiotics

• Cellular pharmacodynamic (PD) parameters predictive of intracellular efficacy 
for antibiotics
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Bacterial responsiveness and PD

Lemaire et al. JAC (2005) 55:897–904 

S. aureus

L. monocytogenes

Why are β-lactams
more active against

intracellular
Listeria ?

Differences among species
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Bacterial responsiveness and PD

Van de Velde et al. Proteomics (2009) 9:5484-96

Reduced
cell wall
synthesis

Proteomic analysis of extra- vs intra-cellular Listeria
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Bacterial responsiveness and PD

Differences among phenotypes

Nguyen et al, AAC (2009) 53:1434–42 

Isogenic normal phenotype and SCV of S. aureus

Most antibiotics are less 
efficient against SCVs

normal SCV
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Bacterial responsiveness and PD
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Bacterial responsiveness and PD

Combining drugs as a way to improve efficacy ?Combining drugs as a way to improve efficacy ?

Nguyen et al, AAC (2009) 53:1443–49 
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Cooperation with host defenses

Influence of Interferon-γ on antibiotic activity towards intracellular L. monocytogenes

Ouadhriri et al, AAC (1999) 43:1241-51 
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Cooperation with host defenses

Influence of Interferon-γ on antibiotic activity towards intracellular L. monocytogenes
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+ INF-γ: 
• Bacteria confined in vacuoles
• FQ (and ML) more active: why ?

Ouadhriri et al, AAC (1999) 43:1241-51 
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Cooperation with host defenses

Influence of Interferon-γ on antibiotic activity towards intracellular L. monocytogenes
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control

INF-γ

INF-γ + anti-ox

+ INF-γ and antioxidants: 
• Bacteria confined in vacuoles
• AB activity ~ control conditions

Cooperation between 
AB and oxidant species

Ouadhriri et al, AAC (1999) 43:1241-51 
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Conclusion: wishlist for an antibiotic active against intracellular bacteria

PK properties
• access (and accumulation) in all subcellular compartments
• not substrate for efflux
• activity at both acidic and neutral pH
• consider risks of toxicity if prolonged retention …

PD properties
• expression of activity intracellularly, including against slow growing phenotypes
• cooperation with host defenses
• consider combinations, including with agents that can increase bacterial reponsiveness
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